The first enzyme of the shikimate pathway, 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (EC 4.1.2.15), is induced by wounding potato or tomato tissue. The increase in enzyme activity is associated with elevated amounts of the enzyme as determined by immunoblots. The specific wound-induced protein synthesis is preceded by an increase in the mRNA encoding this enzyme. The induced mRNA of potato tuber, leaf, and stem tissue is translated into a precursor polypeptide that is recognized by antibodies raised against the mature enzyme from tuber plastids. Wounding also induces mRNA encoding phenylalanine ammonia-lyase (EC 4.3.1.5), a key enzyme of plant secondary metabolism. The time courses for the induction of the two enzymes are similar, suggesting coordinate regulation for the biosynthesis of primary and secondary aromatic compounds.
Plants respond to wounding by increased production of compounds involved in the repair of wound damage and in defense against microbial invasion. Wound and defense responses are intimately connected, since many pathogens create, or enter through, wounds in the epidermis. Repair requires lignin and suberin (1) ; defense against pathogens is associated with the synthesis of phytoalexins (2) , low molecular weight antimicrobial compounds (3) .
Wounding stimulates polysome formation and induces synthesis of proteins for several metabolic pathways (4) . The initiation of wound repair is characterized by the accumulation of hydroxyproline-rich proteins in plant cell walls (5) . These proteins impart wall rigidity and may provide sites for lignin deposition (6) . The synthesis of these proteins in response to wounding is due to gene activation (7, 8) . Different transcripts accumulate in response to different stresses caused by wounding, fungal infection (9) , or ethylene treatment (10) . Lignification appears to be ubiquitous in wounded plants. Lignin accumulation is accompanied by the activation of enzymes of lignin biosynthesis, including phenylalanine ammonia-lyase (11, 12) , cinnamate 4-hydroxylase (13) , p-hydroxycinnamate-CoA ligase (14) , and chorismate mutase (15) . Genes encoding key enzymes of lignin biosynthesis are transcriptionally activated by wounding (8, 16, 17) .
Lignin is synthesized from phenylalanine, one end-product of the shikimate pathway (18) (19) , and it varies during the growth cycle of carrot (20) and potato (21) cells grown in suspension culture. Exposure of potato cells to the herbicide glyphosate, a potent inhibitor ofthe penultimate enzyme ofthe shikimate pathway, causes induction ofDAHP synthase activity and enzyme amount (21) . In addition, DAHP synthase activity is elevated in parsley cells exposed to a fungal elicitor (22) . In this paper, we show that DAHP synthase is induced by wounding potato or tomato tissue. The mRNA encoding a plastidic DAHP synthase (23, 24) accumulates rapidly after wounding. The (25) .
The plastidic potato DAHP synthase was purified to electrophoretic homogeneity (23) , and antibodies against this enzyme (anti-potato DAHP synthase) were raised in rabbits (21) . The 374-base pair (bp) EcoRI-Kpn I cDNA fragment encoding part of the plastidic potato DAHP synthase was prepared as described (24) . cDNAs encoding the Glycine max phenylalanine ammonia-lyase (EC 4.3.1.5) and the Electrophorus electricus calmodulin (26) were gifts of L. Vodkin (University of Illinois) and A. R. Means (Baylor Medical School), respectively. Potato (Solanum tuberosum cv. Superior) and tomato (Lycopersicon esculentum cv. Rutgers) plants were grown under greenhouse conditions. Plant Wounding. Potato tubers were surface sterilized in 0.05% NaClO for 5 min and rinsed thoroughly with distilled water. Twelve-millimeter-diameter cores were cut from tubers with a cork borer, the epidermis was removed, and the cores were sliced into 3-mm-thick sections. Potato leaves and stems were excised from the plant and crushed with forceps at 1-cm intervals across the longitudinal axis. Pericarp tissue from mature green tomato fruit was sliced into 1-cm3 sections. After wounding, all tissues were maintained on moist sterile filter paper in Petri dishes at 26°C in the dark for the specified time periods. Thereafter, tissues were frozen in liquid nitrogen and stored at -70°C.
To determine the extent of DAHP synthase induction in cells distant from the wound site, tubers were cut in half, and 24 hr later, 2-mm-thick consecutive slices parallel to the cut surface were collected and frozen. For tuber tissue blots, 2-cm-thick sections were cut perpendicular to the tuber axis and incubated for 24 hr as described above.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Protein Extraction and Enzyme Assay. Frozen tissue (10 g fresh weight) was ground for 3 min in a chilled mortar containing 20 ml of ice-cold buffer A (23) and 1 g of polyvinylpyrrolidone. DAHP synthase was partially purified from the cell extracts through step 1 (23) (25) . DAHP synthase polypeptides were immunoprecipitated with anti-potato DAHP synthase and Pansorbin Staphylococcus aureus cells (33) . The pellet was dissolved in sample buffer (28) and subjected to electrophoresis on a sodium dodecyl sulfate/10% polyacrylamide gel. Gels were subjected to fluorography and autoradiography.
RESULTS
Enzyme Activity and Protein Levels. Potato tuber tissue was extracted at various times after wounding and DAHP synthase activity was assayed in the tissue extracts. After a 3-hr lag period, DAHP synthase specific activity increased to a maximum at 36 hr after wounding (Fig. 1) . The enzyme activity was induced about 4-fold. The increase in enzyme activity was accompanied by an increase in the amount of immunoreactive DAHP synthase polypeptide, indicating de novo biosynthesis (Fig. 1 Inset) .
The DAHP synthase wound induction in tubers was localized to the wound site. Tissue adjacent to the wounded tuber surface was analyzed for DAHP synthase activity 24 hr after wounding ( Table 1) . The 2-mm-thick tissue slice immediately underlying the wounded surface had a DAHP synthase specific activity about 2.5-fold higher than that ofunwounded tissue. There was a slight elevation in enzyme activity in tissue located 2-4 mm from the wound surface but no increase in tissue beyond 4 mm from the wound site. To determine the tissue specificity of DAHP synthase wound induction within the potato tuber, immunoblots of tuber sections were analyzed. The greatest induction of DAHP synthase occurred in the periderm, the two-to-three-cell layer underlying the epidermis (Fig. 2) .
DAHP Synthase mRNA Levels. Steady-state levels of DA-HP synthase mRNA were determined in potato and tomato tissues at various times after wounding (Fig. 3) . In potato tuber, DAHP synthase mRNA increased within 1 hr after wounding. The amount reached a maximum after 6 hr and declined over the next 18 hr. Scanning densitometry of the autoradiograms showed a 7-to 10-fold induction 6 hr after wounding. A similar increase in phenylalanine ammonia-lyase mRNA was observed (Fig. 3) . Wounded potato leaf tissue showed a marked increase in DAHP synthase mRNA 12 hr after wounding, while the RNA was not induced at all in stem tissue. DAHP synthase mRNA in tomato pericarp tissue, which was barely detectable in unwounded fruit, increased many-fold within 12 hr after wounding (Fig. 3) . The level of calmodulin mRNA, measured as a control, did not change much during the 24 hr after wounding of potato or tomato tissues.
mRNA isolated from wounded potato tissue was translated in vitro and the translation products were subjected to immunoprecipitation with anti-potato DAHP synthase (Fig.  4) . The major immunoreactive protein has a molecular weight of 60,000, which is in fairly good agreement with the predicted molecular weight of 56,153 deduced from the nucleotide sequence for potato DAHP synthase cDNA (24) . A second immunoreactive protein has a molecular weight of 53,000, identical to the mature potato DAHP synthase (23); the translation system may contain a processing activity, but other more involved explanations should also be considered. In vitro translatable tuber DAHP synthase mRNA increased within 1 hr after wounding, reached a maximum 6 hr after wounding, and declined over the next 18 hr. Consistent with the RNA blots, the level of translatable DAHP synthase mRNA increased substantially in leaves but not in stems by 12 hr after wounding (Fig. 4) .
DISCUSSION
DAHP synthase was induced by wounding potato and tomato tissues. The immunoblot data- (Fig. 1) with the herbicide glyphosate (21) . Collectively, these findings demonstrate that DAHP synthase responds to altered demands for shikimate pathway products.
The accumulation ofchlorogenate in wounded potato tuber (34) is accompanied by the activation of several key enzymes of lignin biosynthesis, including phenylalanine ammonialyase (11, 12) , cinnamate 4-hydroxylase (13), p-hydroxycinnamate-CoA ligase (14) , and chorismate mutase (15) . Furthermore, phenylalanine ammonia-lyase is transcriptionally activated by fungal elicitor, infection, and wounding (8) . For wound induction ofphenylalanine ammonia-lyase and DAHP synthase mRNAs we show similar time courses, suggesting a concerted control of key enzymes of the shikimate pathway and its terminal branches to supply needed amounts of aromatic compounds.
Lignin is deposited on the wounded surface of tissues in many plants (6, 35) . Synthesis of phenylpropanoid precursors occurs in the two to three living cell layers beneath the wounded surface. Lignin subunits are transported out of these cells and are oxidatively polymerized by peroxidase onto the walls of dead or dying cells. In potato tuber, DAHP synthase is induced maximally in cells immediately underlying the wounded surface. Thus, the transcriptional activation of a gene encoding the plastidic DAHP synthase may be primarily a local response to supply lignin precursors for the repair of wounded tissue.
Immunoblots of potato tuber sections show that de novo biosynthesis of wound-induced DAHP synthase is cell-type specific in the periderm. Analysis of DNA regulatory regions flanking the coding sequence for DAHP synthase should reveal defined nucleotide sequences responsible for the tissue-specific expression of this gene. Many of the classical studies of wound metabolism have used potato tubers or other storage organs as the experimental tissue (36) . The wound induction of DAHP synthase in potato leaves and tomato fruit demonstrates that the response is not limited to a single species or to storage tissue.
